The response of a silicon alpha detector to beta particles, electrons and photons was investigated using measurements and Monte Carlo simulations. This information is of relevance for in situ alpha spectrometry from different surfaces at ambient air pressure. According to the simulations, photon detection efficiencies were more than two orders of magnitude smaller than those of electrons. Photons generate signals mainly by Compton electrons. Counts originating from beta particles, electrons and photons were usually below 1 MeV in energy and no clear peaks could be identified from the measured spectra. Unequivocal identification of radionuclides emitting beta particles, electrons and photons is not possible when a mixture of different radionuclides is present in the source. However, radionuclide classification according to their emission energies appears to be possible. Surface contamination measurements will benefit from this capability.
Introduction
High-resolution alpha-particle spectrometry performed in a vacuum is usually applied for radiochemically processed sources. In that case, it is customary to utilize only part of the energy spectrum in the spectrum analysis. For example, if nuclides of transuranium elements are under investigation, the most important energy region is 4-6 MeV. Counts or peaks (if any) locating above this region may belong to radon progeny. Counts below this region may be due to the extended low-energy side tailing of the alpha peaks or they may be caused by the detector noise, photons or beta particles/electrons emitted by the source. In the latter cases, their registered energies are usually at the very beginning of the energy spectrum, i.e. below approximately 1 MeV (Fig. 1 ).
When alpha-particle spectrometry is applied at ambient air pressure, such as in continuous air monitoring or in surface contamination measurements, the registered alpha particle energies depend on the SDD (Source-detector distance). For example, the kinetic energy of a 4 MeV alpha particle detected at an SDD of 2 cm in air is less than 1 MeV and its unambiguous identification may be questionable because of overlapping counts generated by alpha and beta particles and photons. Only if the nominal alpha-particle emission energies are high enough and the source material thickness is small enough the counts could be separated as shown in Fig. 1 . Stressed overlapping appears in the case of thick sources (see for example Fig. 7 in reference [1] ).
A prototype alpha spectrometer equipped with a semiconductor detector operating at ambient air pressure has recently been developed [2] . This instrument, which can use collimation to obtain good energy resolution, was designed to detect and identify alpha-particle-emitting radioactive substances from flat and smooth surfaces. The measurement range of the instrument is approximately from 50 keV to 10 MeV. In practice, because of the reasons mentioned above, unfolding of an alpha spectrum is possible when the registered alpha particle energies are considerably larger than 1 MeV. However, counts in the region below this value and originating from D DAVID PUBLISHING Fig. 1 Alpha-particle energy spectrum from radon progeny ( 212 Bi, 214 Po, 212 Po) collected on a membrane air filter and measured at ambient air pressure using a CAM2000AM (Canberra) alpha detector. A detector with a smaller area was used in other measurements presented in this paper (see later text). Counts originating from beta particles, electrons and photons are located at the beginning of the energy spectrum (here channels below 150, which refers to the energy of approximately 1 MeV), but there are also some counts from the alpha peak tails. In this case, the conversion gain was different from that for other measurements.
electrons/photons are of importance for in situ contamination measurements.
In the present paper we investigate the response of a semiconductor alpha detector to electrons, beta particles and photons using measurements and simulations. The same types of detectors were previously investigated for beta spectrometry [3] . In nondestructive alpha spectrometry the objective is to exploit, as far as possible, the entire energy spectrum for analysis. Here we examine the possibility of achieving nuclide identification from the low-energy part of the spectrum. Another goal is to identify the upper energy, where neither the electron counts nor photon counts interfere with those originating from alpha particles. This information may be essential in nondestructive alpha spectrometry to analyze the spectra with peaks of long low-energy tail.
Equipment, Sources and Data Acquisition
The measurements were performed indoors at ambient air pressure using a CAM450AM (Canberra) alpha detector. According to the manufacturer's data sheet, the thickness of the active area of the detector is 300 µm and this thickness is enough to fully absorb electrons up to 290 keV. The thickness of the dead layer is approximately 1.5 µm equivalent silicon. Although this thickness is relevant for the detection of alpha particles, it has no essential influence on the detection of photons and electrons/betas at the energy region considered here. The number of the channels used in the measurements was 1024 (Amptek 8000A Pocket MCA) and the bias voltage was + 70 V. This voltage is recommended for alpha and beta detection in the detector specifications. The nominal energy resolution of alpha particles and betas are 34 keV and 17 keV, respectively. No values are given for the resolution of low-energy photons.
The prepared on the surface of a metallic plate. The data acquisition was performed in a laboratory in which the radon concentration in the air was of the order of 1 Bq·m -3 or less. The measurement geometry presented in Fig. 2a was arranged to minimize the scattering of photons and electrons from the surroundings. In addition to air, PMMA (Polymethyl methacrylate) and lead plates were alternatively used between the source and the detector. This was to investigate the effect of the absorbing material on different types of radiation. Beta particles/electrons may be effectively absorbed in PMMA whereas the effect is smaller for photons. They may be absorbed in the lead plate. The background spectrum without the presence of the sources and above-mentioned absorbing material was also registered ( Table 2) . Radon progeny present in air filters pose an important challenge. Relevant (from the point of view of the present paper) short-lived radon progeny emitting high-energy beta particles are presented in Table 1 . These beta particles produce high number of counts at the beginning of the measured energy spectrum (Fig. 1) . The sample was collected on a membrane filter (Fluoropore, Millipore) with a diameter of 32 mm in a room where the radon concentration was of the order of 600 Bq·m -3 [1] . Data Table  3 for the material compositions. 
Monte Carlo Simulations
Monte Carlo simulations were used to assess the response of the detector to photons and electrons. The detector materials and dimensions were obtained from the detector manufacturer, and the corresponding model used in the simulations is shown in Fig. 2b . The material compositions are presented in Table 3 .
MCNPX version 2.6 [4] was used in the simulations. Photons and electrons were transported until they escaped the geometry, were absorbed or their energy fell below 1 keV or 5 keV respectively. When the particle energy fell below the cut-off energy, the particle history was terminated and the remaining kinetic energy was absorbed at the termination point. Photons or electrons were emitted from a mono-energetic isotropic point source located inside the polyethylene slab (at 0.5 mm depth) mimicking the actual calibration source. Photon and electron energies from 60 to 2000 keV were simulated. The pulse height spectrum registered by the active volume of the detector was scored using the F8 tally of MCNPX. The simulated spectra were not folded with the internal detector resolution (i.e. full width at half maximum of the detector response).
The simulated spectra from monoenergetic electrons (Fig. 3) show that emitted electrons with an energy of up to approximately 200 keV cannot reach the active volume of the detector. A weak signal was, however, obtained from the bremsstrahlung photons generated in the plastic source. When the energy of emitted electrons exceeded 250 keV, a peak appeared in the spectrum corresponding to the maximum energy of the electrons entering the active volume. When the electron energy approached and exceeded 1000 keV, this full-energy peak diminished and finally totally disappeared, as only a very small fraction of the electrons leave their full energy in the detector. Even Table 3 Composition of materials (Fig. 2b) around 250-300 keV in emitted electron energy, where the detector is in principle capable of fully absorbing the electron, backscattering from the active volume and scattering into the active volume of the detector from the surrounding materials produced a broad tail in the simulated pulse height spectrum. The total efficiency for electron detection in the simulated geometry was approximately constant (0.14) when the emission energy was above 400 keV. At the emission energy of 250 keV, the total detection efficiency was approximately 0.02. The full energy peak from monoenergetic photons is visible in the simulated pulse height spectra when the energy of the emitted photon was below 400 keV (Fig. 4) . Above that energy, the signal was generated solely by the Compton electrons and fully absorbed photons that were scattered from the surrounding structures, and thus entered the active volume with lower energy than the emitted photons. The peak efficiency in the simulated geometry was 1.2 × 10 
Measured Spectra
The spectra measured from the sources characterized in Table 1 , and using the measurement geometry visualized in Fig. 2a , are presented in Fig. 5 (see text later for the energy calibration). The number of counts per channel was corrected according to the data acquisition time (Table 2 ). This normalization was also taken into account in the background spectrum. The purpose was to qualitatively compare the measured spectra produced by each source when different materials were present between the detector and the source. No other corrections, such as different source activities and small changes in the source-detector distance (see text of Fig. 2) , were accounted for. High-energy beta particles emitted by 90 Sr/ 90 Y generated the most prominent signal. However, the betas were effectively removed by using PMMA and lead plates (bottom right spectrum in Fig. 5 ). This means that the counts above the background of other spectra in Fig. 5 , and measured using PMMA and lead media, were definitely generated by photons.
In the case of 241 Am and 57 Co, the low-energy peaks below channel 50 are due to the 60, 122 and 136 keV gamma rays (see Table 1 ). The influence of the PMMA plate on the count rate of the low-energy peaks is small compared to the effect of lead. The lead plate effectively removes low-energy quanta. For 57 Co the count rates are close to that of the background above Sr, the spectra measured with PMMA and lead media were practically equal to the background). Other spectra are organized as follows: the topmost spectra (black) refer to the measurements performed in the air medium, whereas the spectra below correspond to the PMMA (dotted blue curve) and lead (green) media, respectively. channel 50, whereas for 241 Am the count rates between channels 30-100 were slightly higher than the background. This was because of the high-energy photons of 241 Am not presented in Table 1 .
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In the case of the 133 Ba point source, there are two distinguishable bumps in the energy spectrum. The bump in channels below 150 arises from gamma rays and electrons. The contribution of electrons is supported by the fact that the PMMA absorber removes a notable number of counts above channel 70. The lower-energy bump (channels below 70) is due to the Compton electrons generated by the gamma rays in the detector or materials surrounding it. A prominent feature of the spectra measured from 137 Cs is the bump in channels below 150, which corresponds to the Compton electrons generated by 662 keV gamma rays. However, the effect of beta particles is notable, which is evidenced by the fact that the count rate is an order of magnitude smaller when the PMMA plate was used as an absorber. The difference between the cases of PMMA and lead absorbers (approximately at channel 150) is due to the secondary radiation produced in the Pb absorber.
Since the average energy of 60 Co beta particles is 96 keV, most of the betas were absorbed in the source or in the medium material. The count rate deviates from the background up to channel 350 (this corresponds to the registered energy of 800-900 keV) because of high-energy photons. The high-energy counts originated from Compton electrons generated in the detector, in the absorbing materials or in the structure materials surrounding the sensitive layer of the detector.
The Eu leads to the emission of high-energy photons and beta particles, there are also several low-energy gamma rays and electrons. Thus, the differences between air and the PMMA/lead medium are larger than for 60 Co. On the basis of the emission data, no clear differences were anticipated between 22 Na,
60
Co and 152 Eu sources.
Although the activity of the 22 Na source was low, this assumption was found to be valid. In the case of 22 Na, the small "bump" below channel 100 was mainly due to the low-energy beta particles. The spectra measured in the air medium are compared in Fig. 6 , in which normalization to the source activities is taken into account. Small changes in the SDD, and the source diameter in the case of 90 Sr, were also taken into account via the geometrical detection efficiency, ε g (see Fig. 2 , SDD of 12 mm was assumed as a nominal case). For example, ε g = 0.146 for a point source at SDD = 12 mm, whereas ε g = 0.179 at SDD = 10 mm. These numbers were computed using the AASI program [5] .
In the air medium, the registered energies from electrons may sometimes be above 1 MeV, which must Fig. 6 Comparison between the spectra produced by different sources when there is air between the source and the detector (SDD = 10 mm). In addition to the data acquisition times, the counts are normalized here according to the source activities. be taken into account when unfolding the alpha particle energy spectra. The linear energy calibration assumed in Fig. 6 was performed using the 60 keV peak of 241 Am and the right side of the bump of 137 Cs (662 keV), corresponding to the Compton edge at 480 keV. Thus, the calibration is only indicative, especially at higher energies. In general, performing the energy calibration for different types of radiation in (air) medium is extremely challenging. This is because the alpha particle energy loss in the medium is different compared to that of the beta particles and photons. Basically, a separate scale for the energy axis should be used for each type of the quanta, but usually this is not practical. This is why channels instead of energy are here used for the horizontal axis of Figs. 1, 5 and 7.
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The spectrum measured from the air filter showed two different components ( Fig. 7) : High number of counts below channel 50 and a slowly decreasing tail with higher energy. Counts below channel 50 were mainly generated by beta particles/electrons from 214 Pb and 212 Pb, but there is certainly a contribution of other nuclides mentioned in Cs generate counts below the channel of approximately 200 (500 keV), whereas high-energy emitters may produce counts even above the energy of 1 MeV. However, this classification may be inappropriate when counts generated by high-energy emitters mask those generated by low-energy emitters.
The question arises as to how sensitively the different radionuclides mentioned in Table 1 could be detected in the air medium when the average value of the background is well known and the same as in the present study. Only point sources (including 90 Sr/ 90 Y), , where b is the number of background counts in the region of interest. Minimum detectable activities can be calculated by dividing the detection limit by the number of background-corrected counts per minute of the nuclide in question (Table 4) . Even though the above-mentioned radionuclide classification appears to be somewhat arbitrary, it has obvious advantages. Indicative results may be obtained from the very beginning (< 1 MeV) of the full energy spectrum (from 0 up to 10 MeV), although no detailed nuclide-specific information can be accessed.
Counts notably above the energy of 1 MeV are also possible. They may be considered as random events originating from radon and its alpha-particle-emitting progeny present in ambient air or possible cosmic ray interactions in the detector. If the measurements are performed in an environment where the concentrations of radon progeny are high, there is a risk of radon progeny accumulation on the detector surfaces. This may impair spectrum analysis by causing spurious peaks in the spectrum, as evidenced in reference [1] .
Discussion
From the point of view of the present paper, the primary application of interest is to detect contamination of alpha-particle-emitting radionuclides from smooth surfaces at ambient air pressure and to identify alpha emitters. For this purpose, knowledge of the detector response to photons, electrons and beta particles is of importance because they may produce notable amount of counts especially in the low-energy part of the alpha spectrum. Without this information, reliable in situ spectrometric measurements and analysis of the alpha spectra cannot be ensured.
It can be assumed that the detector's intrinsic efficiency for alpha particles is 1, i.e. all alpha particles entering the detector will be registered, although a small fraction of them may be backscattered from the dead layer. For electrons, the role of backscattering is larger. It is possible that the detector can fully absorb electrons and beta particles, even if their energy is larger than 290 keV, but most probably only a fraction of their kinetic energy is absorbed.
Monte Carlo simulations were performed for monoenergetic photons and electrons. This is because appropriate radionuclide sources were inaccessible for the measurements. Results of the simulations supported those obtained from the measurements.
In the measured spectra, there are no clear peaks generated by photons. Nevertheless, signals from photons can be registered, even though the detector efficiency for high-energy photons is low. The signals
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are mainly generated by Compton electrons. These secondary particles deposit (part of) their kinetic energy in the detector. The signals may also originate from background photons, such as radon progeny present in air. The counts from bremsstrahlung or scattered quanta coming from the materials surrounding the active volume of the detector are also possible.
Based on the simulations and measurements presented above, it is evident that unfolding of the (alpha particle) energy spectrum below approximately 1 MeV is extremely challenging. In practice, unequivocal identification of beta-particle/electron/photon-emitting radionuclides is not possible when a mixture of different radionuclides emitting a range of different quanta is anticipated to be present in the source. Nevertheless, radionuclide classification on the basis of their emission energies seems to be possible, although in the case of multiple radionuclides the counts generated by high-energy emitters may mask those generated by low-energy emitters. It can be concluded that knowing the detector response to photons/beta particles also benefits alpha spectrometric measurements.
